Featured Application: This research aims to obtain the decomposition process of boron/potassium nitrate pyrotechnic composition, and verify its high temperature stability to meet the charge requirements of the separation device such as the cutter for the lunar probe.
Introduction
Boron/potassium nitrate (B/KNO 3 ; abbreviated BPN) can be used for the output charge of an engine igniter, a fire transfer charge, a small thrust dynamite output charge, a high temperature projectile charge, etc. BPN has the significant characteristics of high combustion heat and low moisture absorption per unit weight. [1] BPN is also listed as a linear reference for the security of pyrotechnic agents [2] .
At present, aerospace missions require that BPN composition is thermally stable. In some special launch missions [3] , such as of deep space spacecraft, pyrotechnic devices must withstand a large temperature range, usually from −100 to +130 • C [4, 5] . Considering that there is a certain safety 
Methods
The thermal stability of BPN after exposure at 180 • C was studied by methods such as thermogravimetric analysis and differential scanning calorimetry, and analysis of appearance morphology, weight loss, content, and output performance. The process scheme is shown in Figure 1 .
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The thermal stability of BPN after exposure at 180 °C was studied by methods such as thermogravimetric analysis and differential scanning calorimetry, and analysis of appearance morphology, weight loss, content, and output performance. The process scheme is shown in Figure 1 . TG and DSC test data were applied to analyze the thermal reaction process of KNO3, boron powder and BPN with different ratios, to qualitatively judge high-temperature stability. The apparent morphology analysis, thermogravimetric (TG) analysis, differential scanning calorimetry (DSC) analysis, and output power test were carried out on BPN samples after the high-temperature test to verify the stability of BPN under a high temperature of 180 °C, thereby providing a basis for its application in the aerospace field. A summary of the analysis method is presented in Table 2 . Table 2 . Analysis methods for BPN thermal analysis and high temperature stability analysis.
Analysis Method content
Thermogravimetry Measure the weight of loose sample before and after high temperature test with precision balance.
Appearance
Scanning microscope, optical digital microscope used to observe the color, particle size, etc. TG and DSC test data were applied to analyze the thermal reaction process of KNO 3 , boron powder and BPN with different ratios, to qualitatively judge high-temperature stability. The apparent morphology analysis, thermogravimetric (TG) analysis, differential scanning calorimetry (DSC) analysis, and output power test were carried out on BPN samples after the high-temperature test to verify the stability of BPN under a high temperature of 180 • C, thereby providing a basis for its application in the aerospace field. A summary of the analysis method is presented in Table 2 . Table 2 . Analysis methods for BPN thermal analysis and high temperature stability analysis.
Analysis Method Content
Appearance
Scanning microscope, optical digital microscope used to observe the color, particle size, etc.
DSC analysis
Analyze the initial decomposition temperature and peak decomposition temperature of samples.
Content analysis
Ion exchange method for determination of KNO 3 contentMannitol complex titration method for determination of boron. output performance P-t curve pressure peak and rise time to evaluate the power capacity of samples.
Results and Discussion

Thermal Analysis of Single Component
The TG process of boron was studied with a nitrogen atmosphere. As shown in Figure 2 , a weight loss of approximately 3.3% is observed from heating to 117.5 • C, which reflects the loss of moisture and volatiles in boron powder. Until 500 • C, the quality of boron powder samples increases gradually, and the speed increases after 650 • C. The total mass increases to approximately 118% at 1000 • C. It is speculated that the reaction in this stage is the slow reaction of boron powder and nitrogen, and the final product is BN. The reaction equation is
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Thermal Analysis of Single Component
The TG process of boron was studied with a nitrogen atmosphere. As shown in Figure 2 , a weight loss of approximately 3.3% is observed from heating to 117.5 °C, which reflects the loss of moisture and volatiles in boron powder. Until 500 °C, the quality of boron powder samples increases gradually, and the speed increases after 650 °C. The total mass increases to approximately 118% at 1000 °C. It is speculated that the reaction in this stage is the slow reaction of boron powder and nitrogen, and the final product is BN. The reaction equation is The DSC curve of KNO3 has two endothermic peaks. The first endothermic peak (peak temperature 132.6 °C) corresponds to the conversion temperature of KNO3, which is the phase transition of KNO3 from rhombic to trigonal. The second endothermic peak (peak temperature 332.0 °C) corresponds to the melting point of KNO3. [9] The DSC curve shows that the decomposition of KNO3 occurs at more than 500 °C. Combined with the TG curve, the mass change of KNO3 is 5.1% at 545 °C, indicating that KNO3 is melting but is not decomposed or gasified from the melting point (332.0 °C) to the temperature of 500 °C. Therefore, the physical stability of KNO3 changes within the temperature range of 332-500 °C, but the chemical stability is not affected.
A weight loss of KNO3 of 88.1% mainly occurred between 545 °C and 765 °C. According to E.S. Freeman [17] , the decomposition of KNO3 took place at this stage, generating nitrite, followed by the decomposition reaction of potassium nitrite, and the product K2O was reported to evaporate (m.p. 380 °C) [10] . The equation of weightlessness in this stage is [8] The DSC curve of KNO 3 has two endothermic peaks. The first endothermic peak (peak temperature 132.6 • C) corresponds to the conversion temperature of KNO 3 , which is the phase transition of KNO 3 from rhombic to trigonal. The second endothermic peak (peak temperature 332.0 • C) corresponds to the melting point of KNO 3 . [9] The DSC curve shows that the decomposition of KNO 3 occurs at more than 500 • C. Combined with the TG curve, the mass change of KNO 3 is 5.1% at 545 • C, indicating that KNO 3 is melting but is not decomposed or gasified from the melting point (332.0 • C) to the temperature of 500 • C. Therefore, the physical stability of KNO 3 changes within the temperature range of 332-500 • C, but the chemical stability is not affected.
A weight loss of KNO 3 of 88.1% mainly occurred between 545 • C and 765 • C. According to E.S. Freeman [17] , the decomposition of KNO 3 took place at this stage, generating nitrite, followed by the decomposition reaction of potassium nitrite, and the product K 2 O was reported to evaporate (m.p. 380 • C) [10] . The equation of weightlessness in this stage is [8] 
Compared with the operating condition of 180 • C, the melting temperature of KNO 3 at 336.5 • C is about 156 • C higher. No obvious chemical reaction occurs before the peak temperature of decomposition (i.e., more than 545 • C). It can be qualitatively concluded that the boron powder and KNO 3 components are stable at a high temperature of 180 • C. It should be noted that this result is obtained according to the reaction temperature of DSC, and the stability of samples at constant temperature needs to be verified.
Thermal Analysis of BPN with Different Ratios
TG-DSC analysis of BPN samples with different ratios (heating rate 5 • C/min) were carried out, and the curves are shown in Figure 3 . For BPN samples with different ratios, the thermal reaction process is similar to that of KNO 3 before 500 • C.
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The weight ratio results of BPN samples with different proportions at typical temperatures are shown in Table 3 . At 200 • C, the mass variation of BPN samples with three ratios are in the range 0.9%-1.7%, and at 500 • C, 5.8%-11.4%. At 650 • C, the 2# (25:75) BPN sample (zero oxygen balance ratio) has the least weight loss. Based on TG analysis of KNO 3 , the initial reaction temperature of BPN (500 • C) is about 50 • C lower than that of KNO 3 (545 • C). However, when comparing the endothermic peak temperature of DSC curves of samples, the exothermic peak temperature showed a trend of rising with the increase of boron content, as shown in Table 4 . The results show that with an increase of boron content, the exothermic peak is advanced, but the thermal stability of BPN samples are improved, with the 2#BPN sample (25:75) showing the best performance. Analysis at 180 • C shows that the DSC decomposition temperature of BPN is above 500 • C, and TG weight loss ranges from 5.8% to 11.4% at 500 • C. It can be qualitatively judged that BPN is stable at 180 • C.
Thermal Exposure Test at 180 • C and Analysis
After drying at 60 • C for 4 h, the samples of BPN, boron powder and KNO 3 were placed in a temperature environment testing instrument for a thermal exposure test. The temperature settings were 180 • C for two and five days. The apparent morphology, DSC parameters, weight loss ratios and output performance of samples before and after the test were compared and analyzed.
Apparent Morphology
The apparent morphologies of KNO 3 , boron and 4#BPN samples before and after different temperature storage are shown in Figures 4-6 .
temperature environment testing instrument for a thermal exposure test. The temperature settings were 180 °C for two and five days. The apparent morphology, DSC parameters, weight loss ratios and output performance of samples before and after the test were compared and analyzed.
The apparent morphologies of KNO3, boron and 4#BPN samples before and after different temperature storage are shown in figure 4, figure 5 and After observing the boron powder, KNO3 and 4#BPN samples before and after high temperature, it is found that the color of the KNO3 sample changes slightly from white to yellow, and the particle size and shape do not change. The particle size, shape and color of boron powder and 4#BPN are not observed to change. In addition, there is no change in appearance quality, such as expansion of fractures, loose pits, shrinkage or melting residue.
DSC test
The DSC curves and DSC parameter comparison of 4#BPN sample are given in Figure 7 and Table 5 respectively. After observing the boron powder, KNO3 and 4#BPN samples before and after high temperature, it is found that the color of the KNO3 sample changes slightly from white to yellow, and the particle size and shape do not change. The particle size, shape and color of boron powder and 4#BPN are not observed to change. In addition, there is no change in appearance quality, such as expansion of fractures, loose pits, shrinkage or melting residue.
The DSC curves and DSC parameter comparison of 4#BPN sample are given in Figure 7 and Table 5 respectively. After observing the boron powder, KNO 3 and 4#BPN samples before and after high temperature, it is found that the color of the KNO 3 sample changes slightly from white to yellow, and the particle size and shape do not change. The particle size, shape and color of boron powder and 4#BPN are not observed to change. In addition, there is no change in appearance quality, such as expansion of fractures, loose pits, shrinkage or melting residue.
The DSC curves and DSC parameter comparison of 4#BPN sample are given in Figure 7 and Table 5 respectively. According to the DSC analysis of the variation of the peak temperature, the temperature difference between the first endothermic peak and the second endothermic peak is very small, comparing the samples at 180 °C for two days, 180 °C for five days, and 60 °C for 4 h; ΔT ＜ 1 °C. The exothermic peak temperature variations of the samples at two days and five days are −6.51 °C and −2.77 °C, respectively, but the failure rates of the agents are 1.01% and 3.26%, respectively. This indicates that the exothermic peak temperature of the sample is advanced, but the energy is not consumed. It can be preliminarily concluded that BPN containing KNO3 and boron powder has good thermal stability at 180 °C for two days and five days.
• Weight loss ratio According to the DSC analysis of the variation of the peak temperature, the temperature difference between the first endothermic peak and the second endothermic peak is very small, comparing the samples at 180 • C for two days, 180 • C for five days, and 60 • C for 4 h; ∆T < 1 • C. The exothermic peak temperature variations of the samples at two days and five days are −6.51 • C and −2.77 • C, respectively, but the failure rates of the agents are 1.01% and 3.26%, respectively. This indicates that the exothermic peak temperature of the sample is advanced, but the energy is not consumed. It can be preliminarily concluded that BPN containing KNO 3 and boron powder has good thermal stability at 180 • C for two days and five days.
• Weight loss ratio
The weight loss ratios of BPN samples in 180 • C test are given in Table 6 . Furthermore, the component variation of BPN samples within 180 • C test are given in Table 7 . As shown in Table 6 , from the comparison of the weight loss ratios of BPN samples in the 180 • C test for different times, after five days, the weight loss ratio of 1# BPN without binder is approximately 0.1%, that of 4#BPN containing fluororubber binder is approximately 1%, and that of 5# BPN containing unsaturated polyester is approximately 2%. Combined with the analysis of component content, the change of KNO 3 and boron in 1#BPN without binder in the 5-day 180 • C test is 0.5%, i.e., almost no change. Thus, it can be judged to some extent that the stability of BPN in which the main components are KNO 3 and boron is well under 180 • C for two days and five days. The reason for the component variation of 4#BPN and 5#BPN is the binder (i.e., 4#BPN contains 3% fluororubber and 5#BPN contains 5.6% unsaturated polyester).
• P-t curve P-t curve data of BPN samples in 180 • C test is given in Table 8 . It can be seen from the data in Table 8 that the peak pressure of the three kinds of BPN decreases with increasing time of the 180 • C temperature test. The thermal analysis of the single component shows that boron and KNO 3 are relatively stable at 180 • C, and the peak pressure attenuation of the 1#BPN sample without binder is 0.95% (i.e., <1%), which also supports this argument. It is also known that the binder has a great impact on the high temperature stability of BPN. The high temperature stability of the fluororubber binder is better than that of unsaturated polyester.
Conclusions
In conclusion, we studied the thermal decomposition process of KNO 3 , boron and BPN based on TG and DSC test data. The weight change of boron powder caused by chemical reaction occurred above 500 • C. When the temperature was lower than the peak exothermic temperature of decomposition, no obvious chemical reaction occurred with KNO 3 , and only physical changes (crystal transformation and melting) occurred. Combined with a verification test at 180 • C for two days, it is concluded that boron and KNO 3 components are stable at 180 • C. With the increase of boron content, the thermal stability of BPN sample improved, and the best performance was achieved when the ratio was 25:75 (B:KNO 3 ).
BPN samples without binder have the best thermal stability. In the 5 day 180 • C test, the binder affected the weight loss and p-t curve of BPN. Finally, BPN with fluororubber binder is better than BPN with unsaturated polyester binder. 
